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The magnetic properties of dilute Li2(Li1−xFex)N with x ∼ 0.001 are dominated by the spin of sin-
gle, isolated Fe atoms. Below T = 10 K the spin-relaxation times become temperature-independent
indicating a crossover from thermal excitations to the quantum tunneling regime. We report on a
strong increase of the spin-flip probability in transverse magnetic fields that proves the resonant
character of this tunneling process. Longitudinal fields, on the other hand, lift the ground-state
degeneracy and destroy the tunneling condition. An increase of the relaxation time by four orders
of magnitude in applied fields of only a few milliTesla reveals exceptionally sharp tunneling reso-
nances. Li2(Li1−xFex)N represents a comparatively simple and clean model system that opens the
possibility to study quantum tunneling of the magnetization at liquid helium temperatures.
The understanding of quantum tunneling of the mag-
netic moment in nanoscale systems experienced a tremen-
dous advance after the discovery of single-molecule mag-
nets (SMMs) [1], with the observation of benchmark ef-
fects such as resonant quantum tunneling [2–5] and topo-
logical quantum interference [6], followed by numerous
studies of the quantum dynamics of the spin in these
molecular systems (see [7] for a review). Aside of the ad-
vance in fundamental understanding, SMMs have been
proposed for exciting technological applications, includ-
ing quantum computation [8, 9], magnetic data stor-
age/operation [10], and magnetic field sensing [11]. The
latter is based on the unique magnetic field dependence
of the tunneling splittings between spin levels in these
molecules, which can be finely tuned with small field vari-
ations [6, 12–16].
Mononuclear SMMs, where the magnetism arises from
a single magnetic ion within the molecule, have taken
the scene in recent years [17–22]. This is partly due
to a decreased number of degrees of freedom in the
system due to the absence of exchange-coupled spins,
where spin-orbit interaction of an isolated spin with the
molecular crystal field governs the magnetic properties
of the molecule, giving rise to high local symmetries.
This results in record-high magnetic anisotropy barriers
against magnetization reversal and, consequently, mag-
netic bistability at high temperatures, or the ability of
magnetically dilute single crystals for enhanced quantum
coherent dynamics.
Quantum tunneling has also been observed in inorganic
materials with diluted magnetic atoms at subKelvin tem-
peratures, with Ho-doped LiYF4 as a prime example [23,
24]. Their similarity to SMMs led these systems to be
considered ’single atom magnets’ [25, 26]. Only recently,
large magnetic anisotropy and magnetic stability were
found in a new single-atom magnet based on atomically-
doped, insulating bulk system Li2(Li1−xFex)N [27, 28] at
temperatures comparable to lanthanide-based mononu-
clear SMMs, and over two orders of magnitude higher
than in previous single-atom magnets. There is good
agreement between the magnetic anisotropy observed ex-
perimentally on single crystals (13–27 meV [27, 29]) and
theoretical predictions based on local density approxima-
tion [30–32], a Green’s function method [33] and quantum
cluster calculations [34]. Strong deviation of the relax-
ation time from Arrhenius behavior at low temperatures,
steps in isothermal M -H loops and blocking of the relax-
ation by applied magnetic fields [27] pointed to single-
atom magnet behavior. However, there has not been di-
rect evidence so far for resonant quantum tunneling as
the source of the observed magnetic relaxation.
In this letter we report on the effects of transverse
and longitudinal magnetic fields on the spin relaxation
in Li2(Li1−xFex)N with small Fe concentrations of x ∼
0.001. Isothermal magnetization, ac magnetic suscepti-
bility, and time relaxation studies were performed on sin-
gle crystals in the temperature range T = 0.23−50 K. We
find not only a clear increase of the relaxation in the pres-
ence of transverse magnetic fields, demonstrating quan-
tum tunneling of the magnetization (QTM), but also an
extraordinary effect of minuscule magnetic fields on the
spin reversal process, where the magnetization relaxation
rate can be varied by up to 4 orders of magnitude with
field variations of only 2–3 mT.
Single crystals of several millimeters along a side were
grown from a lithium-rich flux [27, 35]. The Fe concen-
tration x was inferred from the known saturation magne-
tization [27] and is close to the nominal one. For the ba-
sic characterization of the quantum tunneling behavior of
this system at low temperature, a ∼1×0.2×0.2 mm3 sin-
gle crystal of Li2(Li0.994Fe0.006)N was placed directly on
top of the sensing area of a high-sensitivity 2-dimensional
electron gas micro-Hall effect magnetometer placed on
an Oxford Instruments Heliox 3He cryostat (Tbase =
230 mK). A three-dimensional superconducting vector
magnet was employed to apply magnetic fields in arbi-
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FIG. 1. (color online) Spin reversal in transverse fields for
Li2(Li0.994Fe0.006)N (M ‖ Hz ‖ c,Hx ⊥ c). Shown are sec-
tions of isothermal M -H half loops recorded after field cool-
ing in µ0H = −7.5 T. (a) A full M -H loop is given as inset.
The step in M at Hz ≈ 0 roughly doubles its size in a trans-
verse field of µ0Hx = 20 mT. The effect is already saturating
by µ0Hx ≈ 30 mT. Compared to the presence of an applied
transverse field, the effects of temperature and sweep-rate on
the step-size are small as shown in (b) and (c), respectively.
trary directions with respect to the crystallographic c-
axes of the sample, with a maximum longitudinal field of
8 Tesla. Figure 1a shows sections of µ0Hz-hysteresis loops
(-8 T - 0 - +8 T) obtained at T = 4.2 K in transverse fields
of µ0Hx = 0–40 mT. The longitudinal field was applied
along the easy axis, that is H ‖ c, and swept at a rate
of µ0dHz/dt =4.2 mT/s (a full loop is given in the in-
set; The gray area marks the section plotted in the main
panel). Several magnetization jumps are observed similar
to the earlier report [27]: aside of the main step at zero
field additional smaller ones appear at µ0H = 0.12, 0.45,
and 2.7 T. In this work we focus on the main jump at
H ≈ 0 and the spin reversal in small fields µ0Hz < 10 mT
which is significantly below the field of the first additional
step.
Figure 1a shows the behavior of the low field region of
the hysteretic magnetization curve as a function of a mag-
netic field applied transverse to the easy anisotropy axis
of the sample. The zero-field jump quickly increases upon
application of a small transverse field (µ0Hx = 10 mT),
saturating by µ0Hx ∼ 30 mT [36]. Note that the sam-
ple magnetization has not yet reached its overall positive
saturation value (see Fig. 1a inset), which is achieved for
much larger magnetic field values (µ0Hx > 8 T). The sat-
uration of the zero-field jump is due to a narrow quantum
tunneling resonance, with spins tunneling at zero longitu-
dinal field towards a local zero magnetization saturation.
When the longitudinal field increases, the system gets out
of resonance and spins cannot tunnel any longer, with
the magnetization remaining near M = 0 until phonons
equilibrate the system at higher longitudinal fields, as
indicated by the subsequent monotonous increase of M
vs. Hz. The rapid change in the tunneling rate with the
magnitude of the applied transverse field makes this sys-
tem distinct from SMMs, where usually transverse fields
at least one order of magnitude larger (e.g., < 0.5 T for
Mn12 [14]) are necessary to achieve magnetization satu-
ration at a QTM resonance. One can estimate a ground
tunneling splitting of ∆k=0 = 0.1 neV from the change in
magnetization in the zero field jump using the Landau-
Zener-Stueckelberg formalism for tunneling [37]:
Pk = 1− exp[ pi∆
2
k
2ν0α
] , (1)
where ν0 = gµB(2J − k), being g the magnetic Lande´
factor, µB the Bohr magneton, J the spin, k the res-
onance number, and α the rate at which the magnetic
field is swept across the resonance. This value should
be taken as an upper-bound estimate, since reshuffling
fields may cause the system to cross the resonance mul-
tiple times during the field sweep, particularly at low
sweep rates. Similar M -H loops were recorded for tem-
peratures as low as T = 0.23 K and revealed no appre-
ciable temperature-dependence (Fig. 1b). Increasing the
sweep-rate by a factor of four also causes weaker changes
in M -H than those caused by µ0Hx = 20 mT (Fig. 1c).
Unfortunately, experiments where the longitudinal field
is swept while a fixed transverse field is applied along dif-
ferent directions within the (hard) a-b plane [36] do not
display any measurable angular modulation and, conse-
quently, in-plane details of the local site symmetry of this
species cannot be determined within the resolution of our
measurements.
To further investigate the nature of quantum tun-
neling of the isolated Fe centers in this system, mag-
netic relaxation experiments have been performed on
Li2(Li1−xFex)N single crystals with an even lower Fe con-
centration of x = 0.001. Measuring the decrease of the
magnetization from saturation after an applied field is
removed has been widely used in order to study spin
reversal in various SMM systems. The temperature-
independence of the spin relaxation - a hallmark of
quantum tunneling - is directly observable in the time-
dependence of the magnetization [38]. For this purpose, a
Magnetic Property Measurement System (MPMS3) man-
ufactured by Quantum Design has been employed. Fig-
3ure 2a shows the magnetization of Li2(Li0.999Fe0.001)N
along the crystallographic c-direction as a function of
time in (nominal) zero-field (see discussions below). Prior
to the measurement, the sample was cooled in an ap-
plied magnetic field of µ0H = 7 T (H ‖ c) to the tem-
perature given, followed by ramping the field to zero
with a rate of 70 mT/s (t = 0 is defined by reaching
H ≈ 0). After 1 h the magnetization remains at 98% of
the initial value at T = 2 K. The relaxation changes only
slightly for increasing the temperatures to T = 8 K. For
T ≥ 10 K, however, the magnetization decays at signif-
icantly higher rates and vanishes at T = 16 K already
after ∼ 1/2 h. When the field-dependence of the relax-
ation process was investigated we found that even the
comparatively small remnant field of the magnet has an
extreme effect on the relaxation. Measurements on su-
perconducting indium reproducibly revealed a remnant
field of µ0Heff = −2.5(1) mT after the magnet was set
from µ0H = +7 T to nominal zero. Compensating the
remnant field by setting the applied field to nominal
µ0H = +2.5 mT - in accordance with the measurement
on In (see [36]) - leads to significantly enhanced relax-
ation rates as shown in Fig. 2b (Heff = 0). Now the mag-
netization at T = 2 K decreases within 1 h to roughly
50 % of its initial value
The relaxation times τ were determined by fitting
a stretched exponential function to the time-dependent
magnetization:
M(t) = Meq + [M(0)−Meq] exp{−(t/τ)β}. (2)
With Meq set to zero, 3 free parameters remain (see [36]
for β and further details). The obtained values for τ
are depicted in Fig. 2c in form of an Arrhenius plot.
In Heff = 0 the relaxation time for T < 10 K is re-
duced by up to 4 orders of magnitude compared to
µ0Heff = −2.5(1) mT, an effect that is most likely a di-
rect consequence of destroying the tunneling condition by
lifting the degeneracy of the ground state doublet [34]. A
pronounced field-dependence had been also observed in
samples with larger Fe concentration [27], however, the
crucial effect of the remnant field of the magnet was not
taken into account in [27] and the extreme influence of
sub-mT fields (see below) remained elusive at that time.
Note that not only the absolute values of τ but also its
temperature-dependence for T < 10 is significantly re-
duced and indicates the irrelevance of thermal fluctua-
tions for spin-reversal under these conditions.
An increase of τ in applied longitudinal fields is
expected in the (thermally assisted) tunneling regime
and has been observed in several systems. However,
we are not aware of any material that demonstrates
a field-sensitivity comparable to the one found for
Li2(Li1−xFex)N. The well investigated SMM Fe8, for ex-
ample, does show a change of τ by a factor of ∼ 104 [38],
however, that required a field of µ0H = −100 mT and
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FIG. 2. (color online) Spin reversal in Li2(Li0.999Fe0.001)N
in H ≈ 0 (M ‖ c). (a) Time-dependence of the magneti-
zation after ramping the applied field from µ0H = 7 T to
nominal zero. The presence of the longitudinal remnant field
of the magnet, applied opposite to the initial magnetization
(µ0Heff = −2.5 mT), was found to stabilize the orientation
of the magnetic moments drastically. (b) Ramping the field
to nominal µ0H = +2.5 mT compensates for the remnant
field [36] and leads to faster decrease of M . (c) Relaxation
times τ were determined by fitting a stretched exponential
function to M(t) and are shown in form of an Arrhenius plot
(T ≤ 16 K). The solid lines are fits to the equation given in the
plot. For T > 20 K (τ ≤ 10 s) τ was determined from ac sus-
ceptibility and reveals thermally activated behavior (dotted
line).
cooling the sample to T < 400 mK. Note that the field-
dependence at T = 100 mK shown in Fig. 4 of Ref. [38]
is weaker than the one shown in Fig. 2. A longitudinal
applied field in the order of ∼ 0.1 T typically causes an
increase of τ by a factor of 1–10, e.g. [5, 39–43].
For higher temperatures T > 16 K alternating-current
susceptibility measurements were employed to deter-
mine τ . The observed Arrhenius behavior (τOrbach =
τ0 exp{∆E/T}, dotted line in Fig. 2c) indicates ther-
mally activated relaxation that is driven by an Or-
bach process [44] in stark contrast to the temperature-
independent behavior for T < 10 K. An effective en-
ergy barrier of ∆E = 476(21) K and a pre-exponential
factor of τ0 ≈ 5 × 10−11 s were found for the Ar-
4rhenius regime. Similar and even larger effective en-
ergy barriers were demonstrated in other mononuclear
SMMs, e.g. ∆E = 331 K in the lanthanide double-
decker [Pc2Tb]
−·TBA+ [17], ∆E = 469 K in an Fe(I)
complex [20] or ∆E > 1000 K in a Dy(III) based
SMM [22]. Like Li2(Li1−xFex)N, these compounds show
the crossover from thermally activated behavior to quan-
tum tunneling at temperatures of Tcr ∼ 10 K, however,
with τ being in the range of seconds in contrast to τ ∼ 104
seconds found for Li2(Li1−xFex)N.
We associate the small slope of τ(T ) observed at low
temperatures, when the field is applied (red, solid trian-
gles in Fig. 2c), to contributions from Raman processes
which give rise to τ−1Raman = CT
n with n = 9 for a doublet
ground state [45]. The overall temperature-dependence of
τ is well described over 10 orders of magnitude by a sum
of Orbach, Raman, and quantum tunneling contribu-
tions: τ−1 = τ−1Orbach+τ
−1
Raman+τ
−1
QT (solid lines in Fig. 2c).
For the sake of simplicity and in order to keep the number
of free parameters low, we kept τ0 = 5 × 10−11 s as well
as the the exponent n = 9 fix and neglect further possi-
ble contributions from direct processes (τ = AH2T [45]).
The obtained values are summarized in Fig. 2c. Note
that for µ0Heff = −2.5 mT the exponent converges to
n = 9 even when very different starting values are cho-
sen. For H = 0 the Raman process is efficient only in
a small temperature window 10 K < T < 15 K and the
relaxation dominated by Orbach processes (T > 15 K)
and quantum tunneling (T < 10 K).
Analyzing the decay of the magnetization after field-
removal in order to extract τ = τ(T,H) as performed
in the previous section could suffer from the finite time
required to ramp the field to zero as well as from sig-
nificant changes of internal fields during the process [39].
Therefore, we have applied a second method to deter-
mine τ based on the increase of M(t) in response to
applying small fields (µ0H < 10 mT). Prior to the mea-
surement the sample was cooled in zero-field (Heff ≈ 0
was ensured by quenching the magnet before the first
run and oscillating H to zero after every following one).
Figure 3a,b show the time-dependent magnetization ob-
tained for Li2(Li0.999Fe0.001)N at T = 2 K and T = 15 K,
respectively, for H ‖ M ‖ c. Applying the field anti-
parallel to c reveals basically symmetric M(t) curves for
|µ0H| > 0.3 mT (see [36]) and indicates well-defined H
values close to the nominal ones given on the right-hand
side of Fig. 3a,b. Whereas M(t) at T = 15 K shows the
expected monotonic increase with H, we observe a re-
markable field-dependence at T = 2 K: M(t) increases
stronger in smaller H! In fact, M(t) in µ0H = 0.5 mT
remains (within the time of the experiment) significantly
larger than in µ0H = 1.5 and 5.0 mT even though the
driving force is lower. As discussed below, it is the de-
struction of resonant tunneling by minute longitudinal
fields that causes this counter-intuitive behavior.
Again, we employed eq.2 to estimate τ . In order to
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FIG. 3. (color online) Time-dependent magnetization of
Li2(Li0.999Fe0.001)N as response to a longitudinal applied field
after zero-field cooling (H ‖ M ‖ c). (a) Increasing the ap-
plied field to above ∼ 0.5 mT leads to decreasing magnetiza-
tion in the tunneling regime (T = 2 K). The weaker change
in M(t) despite the stronger cause is a consequence of lift-
ing the ground state degeneracy. (b) At higher temperatures
(T = 15 K) the magnetization shows the expected monotonic
increase with H. The lines are fits to a stretched exponen-
tial function. (c) Field-dependent relaxation times τ(H). At
T = 2 K a small field of µ0H ≈ 3 mT changes τ by 4 orders
of magnitude. The field-sensitivity decreases with increasing
temperature (lines are guides to the eye)
keep the number of free parameters low, Meq was calcu-
lated assuming a two-level system with µz = ±5µB [27,
34] and Meq = 5µB tanh[(5µBB)/(kBT )]. With M(0)
fixed to zero and an offset to account for small sys-
tematic shifts there are 3 free parameters left (see [36]
for further details). The relaxation times obtained for
T = 2, 8 and 15 K are plotted in Fig. 3c in a semi-
log plot. In accordance with the field-cooled decay-
measurements presented in the previous section, τ de-
creases by four orders of magnitude already in small ap-
plied fields of µ0H ≈ 3 mT at T = 2 K. For larger T
the field-dependence decreases, however, a clear peak-like
anomaly remains in τ(H) even at T = 15 K.
For the archetypal Mn12-acetate, relaxation times were
estimated by a similar approach. The data presented in
Refs. [39, 46] indicate that an applied field in the range of
µ0H ≈ 3 mT has no measurable effect on the spin reversal
[although a single exponential fit that was restricted to
the long-time tail (t > 2000 s) was performed in order to
estimate the relaxation rate].
5So, why is the field-dependence of τ in Li2(Li1−xFex)N
by orders of magnitude larger than in SMMs despite sim-
ilar energy barriers and crossover temperatures? And
most importantly, why does this single-atom magnet
based on a transition metal ion present magnetic bistabil-
ity at temperatures two orders of magnitude larger than
those of previously reported single-atom magnets based
on rare-earths, with substantially larger spin-orbit cou-
pling? Although we cannot provide a definite answer to
either of these two questions with the data in hand, we
can provide potential scenarios addressing the former ac-
cording to the experimental observations in this work.
Further experimentation and modeling will be needed
to address the latter, in particular since an appropri-
ate, effective spin Hamiltonian was not formulated so
far. The main difficulties are given by the presence of
unquenched orbital moments (that give rise to the large
magnetic anisotropy [27, 30, 31]), their coupling to the
spin (characterizing the ground state by four doublets
that are best characterized by the quantum numbers
mJ = {±7/2,±5/2,±3/2,±1/2} [20, 34] appears reason-
able but has not been rigorously proven) and the presence
of Fe 3d-4s hybridization [30, 31]. These characteristics
make this system particularly special, since they provide
a novel source of hysteretic behavior distinct from those
purely coming from spin-orbit coupling in other d- and
f -electron systems, as is the case of other SMMs and the
Ho-based single atom magnets reported before.
Qualitatively, a single Fe center embedded in the in-
sulating Li3N matrix is more isolated (average Fe-Fe dis-
tance ∼ 36 A˚) and less coupled to any magnetic or non-
magnetic degrees of freedom than the magnetic centers
in cluster SMM systems. The Fe-Fe dipolar coupling at
average distance amounts to only ∼ 0.06 µeV (along the
c-axis, and half of this value in-plane). This is substan-
tially smaller than the typical dipolar field values found
in condensed crystals of SMMs (e.g. ∼ 20−30 µeV in Fe8
or Mn12 [47]), and still smaller than the average dipolar
broadening (∼ 2−3 µeV [23]) observed in Ho-based single-
atom magnets with similar dilution concentrations. Fur-
thermore, the defect concentration in the rather simple
binary Li3N is expected to be lower than in solids that are
build from large organic molecules, and as such the dis-
persion of transverse terms caused by dislocation-induced
strain [48] results less critical in our system. In particu-
lar, a smaller presence of defects in our crystals would
minimize tilts of the ions’ easy axis (that gives rise to
varying internal fields). Accordingly, the distribution of
relaxation times is less broad and the tunneling resonance
sharper. It remains to be seen if this is also reflected in
large coherence times that allowed for the observation
of Rabi oscillations in other single-atom magnets [49, 50]
and are essential for potential applications in quantum
computing [51].
It is therefore the narrow width of the resonance what
causes the strong observed field dependence. Given that
3 mT are sufficient to lift the zero-field degeneracy by Zee-
man splitting, as indicated by the peak width in Fig. 3c,
we obtain an energy width of 1.7µeV for the ground state
(which is assumed an effective J = ±7/2 doublet with
µz = ±5µB [34]). The smaller magnetization in larger
applied fields is a direct consequence of destroying this
sharp resonance condition and manifests a unique exam-
ple for a ’larger cause but smaller effect scenario’.
To summarize, Fe-doped Li3N allows the study of res-
onant quantum tunneling of the magnetization in a com-
paratively simple and clean system. The Fe-atoms be-
have like a SMM and can be considered a single-atom
magnet. The marked monodispersity degree and the abil-
ity to tune the concentration of spins places this system
as an ideal candidate to study the quantum dynamics of
anisotropic spins. This, together with the strong field-
dependence of the spin-reversal allows to create stable
(µ0H = 3 mT) but switchable (H = 0) states that could
act as a ’quantum bit’ at elevated temperatures.
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